Entomopathogenic nematodes (EPNs) are widely distributed in natural and managed ecosystems worldwide. Due to the cryptic nature of soil food webs, EPN ecology and their role in modulating insect population dynamics remain largely a matter of speculation. A weevil pest of citrus, Diaprepes abbreviatus, is less abundant in orchards on the central ridge (hilly topography, deep, coarse sand soils) than in the flatwoods (flat topography, fine sand soils with a high water table). We speculate that native EPNs are a key factor regulating these weevils and thus hypothesized that EPNs are most abundant and/or species diverse in central ridge orchards. In this study, we measured and analyzed the natural distributions of EPNs in these two regions concomitantly with those of selected abiotic and biotic soil components. Our objective was to identify physical properties that can potentially be manipulated to conserve native EPNs that serve to control D. abbreviatus. We used species-specific qPCR probes for i) 13 EPN species, ii) two species of Paenibacillus that are ectoparasitically associated with EPNs, iii) free-living bacteriophagous nematodes (Acrobeloides-group) that might compete with EPNs, and iv) oomycete pathogens of citrus roots, Phytophthora nicotianae and Phytophthora palmivora. Citrus orchards were surveyed in eco-regions categorized as central ridge (23 localities) and flatwoods (30 localities). EPNs and Acrobeloides-group were detected in all sites and the abundances of the two guilds were positively related. Heterorhabditids comprising two species occurred in more localities at higher numbers than did five steinernematid species. Heterorhabditis indica dominated flatwoods communities, whereas communities with abundant Steinernema diaprepesi, Heterorhabditis zealandica and H. indica occurred on the central ridge. Spatial patterns of S. diaprepesi were more aggregated than those of H. indica and other dominant species. The central ridge supported greater EPN evenness, diversity and species richness. For the first time, quantitative natural positive associations between EPNs and two species of Paenibacillus bacteria were assessed. The oomycete pathogen P. palmivora was only detected in the flatwoods, whereas P. nicotianae was widespread and equally abundant in both regions. Four variables that affect soil water potential (groundwater depth, available water capacity, clay and organic matter content) significantly contributed to explain the variability in a redundancy analysis of the selected soil communities. Management of soil water potential may aid in establishing and conserving diverse EPN communities that provide more effective control of Diaprepes root weevils.
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Introduction
Florida citrus orchards are planted in eco-regions known broadly as central ridge and flatwoods based on soil texture and water drainage. The central ridge is comprised of deep, coarse sandy soils at higher elevation throughout inland areas of the peninsula. Flatwoods soils are more variable in texture, extending from the coasts to medium elevation inland areas. They are shallower and less well drained than soils on the central ridge. The root weevil Diaprepes abbreviatus L. (Coleoptera, Curculionidae) is one of the most important biotic threats to citrus (Dolinski et al., 2012) . The subterranean larvae feed on roots causing extensive loss of cortical tissue and promoting infection by plant pathogenic Phytophthora spp. This pest-disease complex causes fruit loss and serious tree decline in orchards. The motile zoospores of Phytophthora spp. infect roots most readily in poorly drained soils, which occur more commonly in flatwoods than in ridge orchards . Moreover, weevil populations tend to be significantly larger and therefore more damaging in flatwoods orchards than in those on the central ridge (McCoy et al., 2000; Futch et al., 2005) . The possible involvement of natural enemies in the D. abbreviatus spatial pattern was proposed by Duncan et al. (2003) who found that sentinel weevil larvae were killed at higher rates by a diverse entomopathogenic nematode (EPN) community in a central ridge orchard with few weevils, than in a flatwoods orchard with abundant weevils and just a single EPN species.
Entomopathogenic nematodes (EPNs) belonging to the genera Steinernema and Heterorhabditis are known to occupy all continents, except Antarctica (Hominick, 2002; Adams et al., 2006) . EPNs have a mutualistic association with enteric g-Proteobacteria carried by the migratory, third-stage infective juvenile (IJ) nematode (Boemare, 2002) . The nematode acts as a vector for the bacteria to reach the insect hemocoel, and both organisms contribute to insect death (Dillman et al., 2012; Sugar et al., 2012 ). The nematodes and bacteria then begin parallel development in the cadaver, and the nematodes produce several generations until food and waste become limiting, at which time development arrests at the IJ stage. Infective juveniles incorporate bacteria in the anterior intestine or in a specific vesicle and leave the cadaver in search of new hosts (Boemare, 2002) .
Citrus growers in Florida have used commercially formulated products containing various EPN species for more than two decades to reduce the numbers of D. abbreviatus larvae in soil (Georgis et al., 2006; Dolinski et al., 2012) . During trials to characterize the effectiveness of these products against sentinel D. abbreviatus larvae buried in cages beneath trees, a significant presence of native EPNs became apparent. An unknown EPN frequently isolated in central ridge orchards was described as Steinernema diaprepesi (Nguyen and Duncan, 2002) . Heterorhabditis indica and Heterorhabditis zealandica were also encountered regularly on the central ridge in association with S. diaprepesi (Duncan et al., 2003 Stuart et al., 2008) . By contrast, H. indica was the sole EPN species recovered from sentinels in most flatwoods orchards, with the exception of a second undescribed Steinernema sp. glaseri-group species that was infrequently detected (Campos-Herrera et al., 2011a) . The results of laboratory and greenhouse experiments indicated that both steinernematid species persisted in soil longer and protected citrus seedlings from weevil herbivory better than either heterorhabditid , 2009 .
Conservation of natural enemies in the citrus tree canopy is a primary objective of pest management strategies in Florida and other citrus growing regions (Browning, 1999; Michaud, 2002) . However, despite the importance of subterranean insects such as D. abbreviatus, no tactics are available to conserve or enhance the natural enemies of arthropod pests in the rhizosphere. The complexity of soil and a profound ignorance of the structure and function of soil food webs impede the development of such tactics, although advances in molecular methods to study cryptic communities are helping resolve this problem (Torr et al., 2007; Campos-Herrera et al., 2011a , 2011b , 2012a Pathak et al., 2012) . The EPN communities in Florida citrus orchards appear ideal for studying the conservation of beneficial natural enemies in soil because EPN species and the rates at which they kill weevil larvae have been reported to differ measurably in different locations (Stuart et al., 2008; Duncan et al., 2013) . Understanding the causes of these spatial patterns could reveal new methods to induce key EPN species to provide greater pest suppression in normally nonconducive habitats.
Here we describe the spatial patterns of EPN species recovered from citrus orchards across Florida's central ridge and flatwoods regions. We employed qPCR primers and probes to characterize these communities and several additional organisms likely to interact with EPNs. Ectoparasitic Paenibacillus bacteria can attach in large numbers to the EPN cuticle, thus impeding nematode motility and host finding (El-Borai et al., 2005) . A free-living, bacteriophagous nematode (FLBN) in the Acrobeloides-group was reported to be a competitor of EPNs for nutrients in the cadaver (Campos-Herrera et al., 2012a) . The oomycete root pathogens Phytophthora nicotianae and Phytophthora palmivora are more virulent in citrus roots damaged by weevil herbivory . Because orchards on the central ridge tend to have fewer D. abbreviatus larvae and healthier root systems (McCoy et al., 2000; Futch et al., 2005) we hypothesized that we would find more abundant and/or diverse EPN communities, fewer natural enemies of EPNs and less abundant levels of Phytophthora spp. on the central ridge than in the flatwoods. We also characterized the sites with respect to edaphic physical and chemical properties in order to explore relationships between soil properties and soil communities. Our objective was to identify specific physical properties that can potentially be manipulated to conserve populations of native EPNs in order to increase biological control of D. abbreviatus.
Materials and methods

Survey design, sampling methods and chemical analyses
A total of 53 Florida citrus orchards known to be infested by the Diaprepes root weevil were surveyed during summer and early autumn 2009e2010. In most orchards, two composite samples were recovered from the same 2e3 ha area. Each sample was composed of 30 single soil cores (2.5 cm dia. Â 30 cm deep), collected individually from the under-canopies of 30 trees (i.e., ca. 1400 cm 3 soil per sample). The samples were transported to the laboratory in coolers and processed within 16e32 h. The localities were selected to be representative of the central ridge (n ¼ 23) and flatwoods (n ¼ 30) eco-regions (http://www.plantmaps.com/ interactive-florida-ecoregions-l4-map.php) (Supplemental data 1). Sampling sites in each orchard were named for an owner or locality, georeferenced and the elevation determined from Google Earth Ò (data not shown). Estimates of groundwater depth (GWD)
were recovered from the Web Soil Survey (USDA, Natural Resources Conservation Service, USA; http://websoilsurvey.nrcs.usda.gov/ app/WebSoilSurvey.aspx). Each composite sample was gently mixed and nematodes were extracted by sucrose centrifugation from two 500 cm 3 subsamples (Jenkins, 1964) . This method also recovers microorganisms present in or on the nematodes. Contents of the two independent extractions were then combined in a single test tube to provide a corresponding combined nematode extraction of 1 L per sample (n ¼ 2 per locality, most of the cases). After nematodes settled in the tube, excess water was aspirated, nematodes were concentrated in 1.5 mL Eppendorf tubes and stored at À20 C until DNA extraction procedures (Campos-Herrera et al., 2011a).
For the soil analysis, samples were air-dried at room temperature (22e24 C), and sieved (2 mm openings). Silt and clay were separated from sand by wet sieving (53 mm). The sand fraction was then redried and separated with stacked sieves on a mechanical RXe29 shaker (W.S. Tyler Co., Mentor, OH) to characterize the sand particle size fractions using the USDA soil taxonomy system. A standard soil analysis (Waters Agricultural Laboratories, Camilla, GA) measured pH, soil organic matter (OM), percentage sand, silt and clay, electric conductivity (EC), cation-exchange capacity (CEC) and soil nutrient elements (P, K, Mg, Ca, and B). Soil field capacity (FC) at pF 2.7, wilting point (WP) at pF 4.2 and water holding capacity (measured as available water capacity, AWC ¼ pF 4.2 À pF 2.7) were estimated by Richards' method (Duchaufour, 1975) . Soil metal content (Cd, Cr, Cu, Fe, Mn, Ni, Pb, Zn) 
Sources and culture of organisms and standard curve preparation
Eighteen organisms comprising 13 EPNs, two ectoparasitic bacteria, one free-living nematode genus-group (Acrobeloidesgroup) and two citrus root pathogens were analysed in this study (Table 1) .
Most of the EPNs were maintained in pure cultures in the laboratory using Galleria mellonella as host (www.waxwormstore. com), except for Steinernema scapterisci that required house crickets (from a local fishing bait store). Nematodes were harvested in distilled water and stored at 15 C for 1e2 weeks before use. Morphological and morphometric identifications were performed and combined with molecular analysis to confirm the species (Nguyen, 2007; Campos-Herrera et al., 2011a) . For the standard curve preparation, several aliquots of 300 IJs were counted for each nematode species and stored in individual 1.5 mL Eppendorf tubes at À20 C until use, following procedures described by CamposHerrera et al. (2011a,b) . The DNA dilutions corresponding to 100, 30, 10, 3 and 1 IJs, were used in the EPN analysis and, therefore, the final quantification was provided as numbers of IJs. The only exception was Steinernema neocurtillae for which we did not obtain living material to build the standard curve by using IJs; accordingly, we used a plasmid with the complete published ITS region for this nematode as positive control and quantification was established by DNA quantification as ng mL À1 (Genbank accession number AF122018; see description below).
The free-living bacteriophagous nematode Acrobeloides maximum was cultured on 1.5% nutrient agar (NA; Difco, MD, USA) feeding on naturally occurring bacteria isolated simultaneously with them (Campos-Herrera et al., 2012a) . Aliquots of 300 nematodes were saved individually in 1.5 mL Eppendorf tubes as described above. Because these nematodes exist in soil in several stages of development (egg, juvenile and adult), to provide an accurate and reliable standard curve we employed genomic DNA diluted from 1 ng mL À1 to 0.1 pg mL À1 as described by Campos-Herrera et al.
(2012a). Therefore, the quantifications were expressed as ng mL
À1
for the nematodes from the Acrobeloide-group. For the molecular identification and quantification of the citrus pathogens, P. nicotianae and P. palmivora were cultured in corn meal agar (CMA; Difco, MD, USA) and mycelia were harvested from the Petri dish surface using sterile spatulas. Genomic DNA was extracted and the standard curve for Phytophthora nicotianae was constructed with serial dilutions of from 1 ng mL À1 to 0.1 pg mL
. In this case, the quantification was provided as ng mL
. The phoretic bacterium Paenibacillus sp., previously isolated from S. diaprepesi nematodes encumbered with spores in a Florida citrus orchard, was characterizated morphologically, physiologically and molecularly (El-Borai et al., 2005) and maintained on 1.5% nutrient agar (NA; Difco, MD, USA). Aliquots of 1 mL were stored in 15% glycerol at À80 C for later use. The sequence for the 16S rDNA was employed to design the species-specific primers and probe and cloned (Campos-Herrera et al., 2011b) (Table 1) . Also, pure cultures of Paenibacillus nematophilus were not available for this study. Therefore, we used a plasmid construction with a 490 bp fragment of the 16S rDNA region reported for the strain P. nematophilus NEM2 . The quantities recorded in the qPCR experiments were provided as copy numbers as described previously (Campos-Herrera et al., 2011b) . For each of these species using plasmids as standards (Paenibacillus sp., P. nematophilus, and S. neocurtillae), the insert-plasmid constructions were transformed in XL1blue Escherichia coli cells and plasmid DNA was extracted (QIAprep Spin Miniprep, QIAGEN). The DNA (n ¼ 4 per species) was analyzed with the Nanodrop System 1000 v.3.3.0 (Thermo Scientific, Wilmington, DE, USA) and adjusted to 1 ng mL
. We estimated the size of each plasmid with the insert for species of Paenibacillus spp. or S. neocurtillae to calculate the number of copies per ng of DNA (Adams, 2006) .
Measurement of soil organisms
Most of the organisms were quantified from DNA in the previously described nematode samples that was extracted using the UltraCleanÔ Soil DNA Extraction Kit (MoBio). The quality and quantity of DNA samples were measured in duplicate using the Nanodrop System. Aliquots of the DNA were stored at À80 C until further analysis. All samples were adjusted to the appropriate quantity for EPNs or FLBNs (0.2 ng mL À1 ) or citrus root pathogen and bacteria quantification (10 ng mL À1 ) (Campos-Herrera et al., 2011a ,b, 2012a ; see details below).
Species-specific primers and probe sets for all the bacteria, P. nicotianae and nematode species were reported in Huang et al. (2010) and Campos-Herrera et al. (2011a ,b, 2012a . Additionally, we designed species-specific primers/probe for Steinernema phyllophagae and S. neocurtillae (Supplementary data 2). We evaluated the possibility of non-specific amplification of P. palmivora when extending the number of qPCR cycles to 50 for detection of P. nicotianae using molecular probes by Huang et al. (2010) . All the primers and probes were synthesized by Integrated DNA Technologies Inc. (IDT, San Diego, CA). TaqMan Ò PCR probes were labeled at the 5 0 end with the fluorogenic reporter dye FAM, and the 3 0 end with the quencher Iowa BlackÔ FG. The ZEN molecule was included in the middle of the oligonucleotide to provide greater stability (IDT, San Diego, CA). Real-time PCR was performed in optical 96-well reaction plates (USA Scientific, Orlando, FL, USA) on an ABI Prism 7000 (Applied Biosystem). All reactions were performed in a final volume of 20 mL, using the reactives, materials and combination of primers/probe concentration, annealing temperature and number of cycles as described previously (Huang et al., 2010; Campos-Herrera, 2011a ,b, 2012a . In all the reactions, Bovine Serum Albumin (BSA) (PROMEGA) was added at a final concentration of 400 nM to reduce the possible interference of some remaining humic acids and other soil compounds (Torr et al., 2007) . Dimethyl sulfoxide (DMSO, Fisher Chemicals, Fisher Scientific, US) was added to the P. nicotianae reaction as described Huang et al. (2010) . Positive (standard curve) and negative (sterile de-ionized water) controls were included in all runs. All unknowns and controls were performed in duplicate. Data from the standard curves were used to estimate the efficiency and accuracy of the qPCR assay. A correction factor based on dilution adjusted all the qPCR results. In addition to the molecular measurements, the abundance of P. nicotianae and P. palmivora were also estimated using a selective agar bioassay (Timmer et al., 1988) . Briefly, soil from both samples per site was mixed, moistened and a 100 g subsample was incubated in a styrofoam cup at 22 C for 24e48 h. Then 10 cm 3 of the soil in each cup was suspended in warm agar from which 10 mL was pipetted onto each of five Petri dishes containing selective media. After 48 h, plates were observed under the stereoscope microscope to identify and count the number of colonies of either species. The average number of these counts was transformed to number of pathogen propagules per g of soil per locality.
Relationships between target organisms, eco-regions and abiotic factors
The frequency of sites containing each species of nematode, Phytophthora spp. or bacteria (expressed as a percentage) was calculated for each eco-region (central ridge and flatwoods). Pearson's c 2 tests were performed to assess regional differences in species occurrence. To compare species abundance, the numbers of EPNs, Phytophthora spp. propagules and bacterial copies were log (x þ 1) transformed, and the quantities of FLBN and P. nicotianae (expressed as ng DNA mL À1 ) were square root transformed prior to statistical analyses. The ecological indices (i) species richness (number of species, S), (ii) the ShannoneWiener diversity index (H 0 ¼ P p i ln p i , where "p i " is the proportion of individuals of the i-species) and (iii) the evenness, a measure of the equilibrium of species abundance (J ¼ H 0 /Hmax, where "Hmax" is the lnS) were estimated from all samples and from those of each region. Data are presented as mean AE SEM.
Regional differences in species abundance, ecological indices and abiotic variables were evaluated by T-test (20.0 IBM SPSS Inc., Chicago, IL, USA). One way ANOVA and Tukey's HSD test were used to assess differences in the population densities of the EPN species. Parameters of Taylor's Power Law for dominant EPN species were estimated to assess spatial aggregation by regressing the log-transformed sample variances against log-transformed means of the two samples per site (Duncan et al., 2001) . Spatial Analysis by Distance Indices (SADIE; http://www.rothamsted.ac.uk/pie/sadie/SADIE_home_page_1.htm) was also used to assess the degree of spatial aggregation of individual EPN species and whether species spatial patterns were significantly associated or disassociated with one another and with those of ecoregions . Non-parametric, bivariate correlations using Spearman's Rho (two tails) were calculated for all species pairs detected at > 5% of the sites (SPSS).
Multivariate analyses of selected soil organisms and soil properties were performed using the software CANOCO 4.5 (Ter Braak, 2009 ). The soil properties (explanatory variables, predictors) were those derived from principal component analysis (PCA) as contributing significantly to the total spatial variability (see Supplementary data 3 for further details) together with GWD. The biotic variables (response, dependent variables) were all of the target organisms that were represented in more than 10% of the localities (Lep s and Hadincová, 1992) . Biotic and abiotic factors were standardized by dividing by the highest values obtained for the variable before the analysis (Lep s and Smilauer, 2003) . Detrended Canonical Correspondence Analysis (DCCA) was used to estimate the length of the system. A value <3.0 suggests that the community is homogeneous and RDA (Redundancy Analysis, constrained axes) is recommended (Ter Braak, 2009 ). The RDA (inter-species correlations, downweighting rare species) used a Monte Carlo permutation (n ¼ 499) and automatic forward selection for the assignment of significant environmental variables. The graphical results of the RDA are presented with bi-plot scaling (CANOCO draw 4.0).
Stepwise multiple regression analysis was used to assess the relative explanatory contributions of the variables identified as significant by RDA. To summarize the most significant analytical results for future management considerations, a PCA of the EPN community structure was derived (Minitab 15, State College, PA, USA) and mean values of PC1, PC2 and relative species abundance for sites grouped according to GWD were compared.
Results
Soil characterization in the two eco-regions
Florida citrus is grown primarily in sandy soils (sand content > 90%). There were few significant regional differences in soil physical or chemical properties (Table 2) . Soil in most groves had low available water capacity (AWC). The average elevation and GWD on the central ridge were more than three-fold greater than in the flatwoods. The average soil pH was slightly acidic (6.5) and soil organic matter (OM) was low (z1%) in both regions. Soil fertility did not differ greatly between the regions, but central ridge soils had generally lower cation-exchange capacity (CEC), and less Mg and Ca than flatwoods soils. The ranges of most heavy metal concentrations were low (Facchinelli et al., 2001 ), similar to earlier reports (Holmgren et al., 1993; Ma et al., 1997) , and did not differ between regions. An exception was Cu concentration that in some sites was above levels (>60 mg kg
À1
) at which plant toxicity may occur (Rodríguez Martín et al., 2007) . The pesticides chlordane, dieldrin and endosulfan were the only ones detected and were often above Cleanup Target Levels (CTLs) based on the leachability of these soils and potential for groundwater and freshwater contamination (FDEP, 2005) .
Regional distribution and composition of soil communities
At least one of seven EPN species (S. diaprepesi, Steinernema sp. glaseri-group, S. scapterisci, Steinernema feltiae, Steinernema riobrave, H. indica and H. zealandica) was detected at each of the sites. All EPN species detected in the survey occurred in the flatwoods, whereas only S. diaprepesi, S. scapterisci, H. indica and H. zealandica were found on the central ridge. The detection frequency of S. feltiae and two exotic species, S. riobrave and S. scapterisci, could not be compared effectively because of their infrequent occurrence (Fig. 1A) . H. indica occurred in all but six orchards with similar frequency in both regions. S. diaprepesi and H. zealandica were detected more often on the central ridge (Fig. 2) . Steinernema sp. glaseri-group was only recovered in the flatwoods, mainly in interior areas (Fig. 1A  and Fig. 2 ). S. diaprepesi and H. indica were the dominant species on the central ridge, whereas H. indica dominated EPN communities in the flatwoods, especially along either coast (Fig. 2) . The abundance of the two species did not differ on the central ridge, but most flatwoods orchards had more H. indica than S. diaprepesi (t 58 ¼ 4.63, P ¼ 0.001). The average EPN population density in the flatwoods (103.5 AE 24.7 IJs 500 cm À3 ) was not significantly different than that on the central ridge (35.5 AE 8.46), nor did the average density of H. indica differ between regions, despite having a mean value in the flatwoods 4.5 times greater than that on the central ridge (Fig. 1B) . The slopes of the mean variance relationships for S. diaprepesi and H. indica differed, suggesting greater patchiness within orchards of S. diaprepesi populations compared to those of H. indica (Fig. 3) . This was supported by SADIE analyses of the four most frequently encountered species (Table 3) that revealed a much larger aggregation index for S. diaprepesi than for H. indica, H. zealandica or Steinernema sp. glaseri-group. The SADIE association test detected significant associations between the spatial patterns of S. diaprepesi and H. zealandica and between H. indica and Steinernema sp. glaserigroup, whereas the spatial patterns of H. zealandica and Steinernema sp. glaseri-group were disassociated. SADIE also revealed significant associations between spatial patterns of EPN species and ecoregions, with S. diaprepesi and H. zealandica associated with the central ridge, and Steinernema sp. glaseri-group with the flatwoods (Fig. 2, Table 3 ). The species richness of EPNs tended to be higher on the central ridge and species evenness and diversity were higher on the central ridge than in the flatwoods (Fig. 1C, Table 4 ).
The Acrobeloides-group nematodes were ubiquitous in both regions and the populations were larger in the flatwoods than in the central ridge (Table 5 ). The recovery frequency and abundance of P. nicotianae did not differ between regions regardless of how they were measured (i.e., selective media versus DNA detection); however, P. palmivora was only detected in the flatwoods, in 21% of the sites (Table 5 ). The phoretic bacteria P. nematophilus was only detected in the flatwoods, whereas Paenibacillus sp. was detected in both regions, with no significant differences in the frequency and abundance with which the two species occurred in either region (Table 5) .
The abundance of Paenibacillus sp. was positively correlated with S. diaprepesi, and also with Acrobeloides-group nematodes and P. nicotianae DNA (Table 6 ). Paenibacillus sp. was not detected in the absence of its species-specific host S. diaprepesi and was found in 21% of sites positive for S. diaprepesi. Although the phoretic bacteria P. nematophilus (hosts include heterorhabditids and strongylids, but not steinernematids, Enright et al., 2003) was detected in less than 5% of the sites, it was associated with H. indica (P ¼ 0.027; data not shown). The abundance of Acrobeloides-group species was positively associated with that of EPNs and with P. nicotianae DNA and negatively related to P. nicotianae propagule counts obtained by dilution plating on selective medium.
Multivariate analysis of the selected target soil organisms and soil properties to describe the ecological assemblage on Florida citrus groves
The DCCA reported a maximum length of 1.686, and therefore, an RDA was used for further study. The two first axes accounted for 53.6% of the species-environmental relationship (Fig. 4) . Four variables, GWD, AWC, OM, and clay content, contributed significantly to explain the soil composition and target organisms assemblages (Fig. 4) . Axis 1 was influenced primarily by AWC and P. nicotianae and P. palmivora measured on selective media. AWC was orthogonal to most of the rest of target organisms except for P. nicotianae measured on selective media. Axis 2, derived mainly from GWD, OM and clay, provided the greatest discrimination between Steinernema sp. glaseri-group and P. nicotianae from qPCR associated with flatwoods sites, and S. diaprepesi and H. zealandica with sites on the central ridge. Greater clay content and lower OM were associated with P. nicotianae from qPCR. Paenibacillus sp. was directly associated with its EPN host S. diaprepesi. The associations between EPNs and between EPNs and eco-region soil properties in RDA all conformed to those detected by the SADIE analyses described previously.
Stepwise multiple regression of each organism on the four variables identified as most informative by RDA explained 40% of the variation in S. diaprepesi, 33% in H. zealandica, 39% in P. nicotianae measured by qPCR, and 19% in P. nicotianae measured from selective media (P < 0.05). The association of these organisms with the four abiotic variables was as follows: i) GWD was positively related to S. diaprepesi, and H. zealandica; ii) OM was negatively related to P. nicotianae measured by qPCR; iii) AWC was positively related to P. nicotianae measured by qPCR and negatively related to H. zealandica and P. nicotianae measured from selective media; iv) Clay content was positively associated with H. zealandica and P. nicotianae measured from selective media.
The GWD explained 49% (P < 0.001) of the variation in the first principal component of the PCA of 53 EPN communities (Fig. 5) . Essentially, EPN communities lacked diversity and were dominated by H. indica when groundwater was near the soil surface. As GWD increased, S. diaprepesi became more dominant and EPN communities much more diverse. SADIE analyses also showed that the spatial pattern of GWD was associated with those of S. diaprepesi and H. zealandica, and dis-associated from those of H. indica and Steinernema sp. glaseri group (Table 3) .
Discussion
Biogeography of entomopathogenic nematodes in Florida citrus orchards
The Florida orchards in this survey supported EPN communities that were at least as abundant and diverse as those reported anywhere in the world. One or more EPN species were detected in each of the 53 orchards, the highest EPN detection frequency reported to date. In surveys comprising variable habitats, EPNs were detected in 92% of 13 sites in New Jersey, and 60% of 25 sites in southern France (Stuart and Gaugler, 1994; Emelianoff et al., 2008) . More typically, EPN detection has ranged from <10% to 40% of sites (e.g., Stock et al., 1999; Edgington et al., 2010) . Surveys of citrus orchards in California (36 sites) and South Africa (202 sites) reported detection frequencies of 13.9% and 17%, respectively (Kaspi et al., 2010; Malan et al., 2011) . In general, however, comparison of surveys is imprecise due to the lack of a standard methodology for sampling scales, methods and sample sizes (Hominick, 2002) . To our knowledge, this is the first survey at a regional scale to use qPCR rather than insect-baiting of the soil to detect and quantify EPNs. It is also the first to use DNA from nematode samples to quantify organisms associated with EPNs in various ways. Campos-Herrera et al. (2011a) showed that the qPCR assay was more efficient than the Galleria baiting method for detecting communities of mixed EPN species and that qPCR can reliably detect a single nematode in a sample. However, nematode extraction protocols required for qPCR are relatively inefficient at recovering all of the nematodes in a sample and efficiency is highly dependent on soil type (Duncan et al., 2013) . Both methods show limitations when evaluating regional biodiversity. For example, insect baits may not be suitable hosts for all EPN species in a sample (e.g., G. mellonella to recover the host-specific EPN S. scapterisci), but similarly, qPCR can only detect those species for which appropriate molecular probes are employed. More research is needed to characterize the relative efficiencies of the two methods for different soil conditions. Among the five steinernematids and two heterorhabditids detected here, S. diaprepesi, S. riobrave, H. indica and H. zealandica have been regularly reported as native or introduced and established species in Florida citrus groves (Duncan et al., 2003 . S. scapterisci was imported from South America for application in turf and pastures to control Scapteriscus spp. mole crickets. Its detection in citrus groves represents long distance dispersal of the nematode in infected crickets (Parkman et al., 1996) . Steinernema sp. glaserigroup was detected with some frequency in flatwoods orchards. Ongoing molecular analyses using a multilocus approach (Lee and Stock, 2010) has revealed that these populations may represent the complex of a new Steinernema glaseri-group species, and perhaps Steinernema cubanum (Lee and Stock, personal communications; authors, unpublished) . The closely related S. glaseri was not detected in any orchard, although it has been found in a half dozen natural areas adjacent to citrus orchards (authors, unpublished). Thus, with the inclusion of S. diaprepesi, the Florida flatwoods appear to contain as many as four S. glaseri-group species that may differ in their ability to adapt to agricultural disturbances. The endemic EPN species Heterorhabditis floridensis, S. neocurtillae and S. phyllophagae Nguyen and Buss, 2011) , were not detected in our survey, perhaps due to habitat preference or simply absence in samples caused by low abundance and aggregated spatial distributions (Stuart and Gaugler, 1994; Spiridonov et al., 2007) .
Regional distribution of selected members of the citrus soil food webs and their association with entomopathogenic nematodes
This is the first report of regional quantitative relationships in nature between Paenibacillus spp. and their host EPNs. The positive association of Paenibacillus sp. and Acrobeloides-group species supports results of controlled studies in which the addition of these nematodes to soil infested with the bacterium increased the frequency with which Paenibacillus sp. were detected in nematode samples, compared to when other non-host, non-bactivorous nematodes were added to soil (Campos-Herrera et al., 2012b) . These findings suggest that Acrobeloides-group nematodes ingest Paenibacillus spores either when competing with EPNs in an insect cadaver, or when spores are free in soil in the vicinity of cadavers (Campos-Herrera et al., 2012a). Duncan et al. (2007) found no evidence that the prevalence of Paenibacillus bacteria affected population change of EPNs in an orchard, based on the incidence of baited D. abbreviatus larvae containing Paenibacillus encumbered EPNs. However, those authors noted the need for a method to measure the bacteria directly rather than by baiting, because the bacteria detection frequency might not reflect the degree to which IJs in soil are encumbered by bacterial spores that impair motility (El-Borai et al., 2005) . The present results demonstrated the potential to measure the effect of Paenibacillus spp. on EPN population dynamics in the field using a DNA probe. On-going field experiments are investigating the responses of S. diaprepesi to changes in Paenibacillus sp. spore attachment rates that can be induced by altering soil pH (Duncan et al., 2011) . Similarly, Acrobeloides-group was detected in all the samples and was positively related with the natural occurrence of EPNs. This group and other more r-selected species such as Rhabditis and Aphelenchus were more abundant in vegetable crops than in less disturbed habitats such as forests or meadows (Hoy et al., 2008) . The opportunistic traits of these nematodes appear to permit some species to compete with EPNs which is consistent with their association with EPNs in this survey (Campos-Herrera et al., 2012a) .
The citrus root pathogen P. palmivora was detected only in citrus groves in flatwoods, concomitant in all cases with P. nicotianae, and consistent with previous reports of the regional occurrence of P. palmivora (Graham et al., 1998) . It is noteworthy that the abundance of P. nicotianae was positively related to AWC, when measured by qPCR, but not when propagules were quantified on selective media. A previous study reported positive relationships between P. nicotianae CFUs (colony forming units) and soil clay content and negative relationships with soil sand content and hydraulic conductivity (Bright et al., 2004) . Our results from P. nicotianae DNA measured from the nematode sample were in agreement with previous reports. The discrepancy in the case of traditional measurement in soil may be due to the relatively small sample numbers in the present study compared to more than 700 samples reported by Bright et al. (2004) . It is also possible that P. nicotianae detected in the nematode sample is a better estimate of the citrus root pathogen population density. Propagules in two 500 cm 3 soil subsamples were concentrated and partially retained in the soil residue of a nematode sample, whereas a much smaller amount of mixed soil (one, 10 cm 3 subsample) was used for the dilution plating method. These results demonstrate that additional study of the two methods is warranted to compare sampling efficiency/accuracy and utility for predicting root parasitism by P. nicotianae.
Identification of soil properties related to soil food web assemblages
Given the great abundance and diversity of EPNs in these orchards, remarkably few properties of soils or sites were associated with the spatial patterns of EPN species or assemblages. GWD, which differentiates the two eco-regions, was the most consistent predictor of abundance for any of the dominant EPN species. 
Table 3
Aggregation indices (I a ) derived by SADIE of the four most prevalent EPN species detected in citrus orchards and the association indices (X) between the spatial patterns for each pair of species and between each species and the regions (central ridge or flatwoods) and the groundwater depth (GWD). Sd ¼ Steinernema diaprepesi, Sx ¼ Steinernema sp. glaseri-group, Hi ¼ Heterorhabditis indica and Hz ¼ H. zealandica. P-values are probability that I a ¼ 1, i.e., that populations are no more aggregated than would occur by chance, or that X ¼ 0, i.e., that the patterns are neither positively nor negatively associated; n.s., not significant.
Aggregation indice (I a )
Association indice (X) Sx Hi Hz Region GWD Sd I a ¼ 2.87 P < 0.001 Combined with factors that affect the water holding capacity of soils, GWD influences soil water potential. The relationships between GWD and EPN species in this study suggest that S. diaprepesi and H. zealandica may differ from Steinernema sp. glaseri-group and H. indica in their adaptation to low versus high water potentials.
Other factors that were significant in the RDA (OM, AWC, clay content) also affect soil water potential and might affect EPN abundance. However most were not strongly associated with any of the EPN species, with the exception of AWC (negative relationship) and clay content (positive relationship) with H. zealandica. To date, there are few reports of multivariate approaches to understand the effects of habitat on EPN communities. Kaspi et al. (2010) detected few EPNs in a California survey of 36 sites, but used the soils to demonstrate experimentally that percentage sand and OM were strongly and positively associated, and clay and EC negatively associated with the insecticidal efficacy of S. riobrave. Canonical correspondence analysis revealed that the presence and abundance of EPNs in 100 samples from each of six Ohio habitats (all but one of which had no or few detectible EPNs) were inversely related to P content and soil C:N ratio and positively related to K (Hoy et al., 2008) . In Cameroon, where EPNs were encountered in just 10% of 251 sampling sites, the nematodes were encountered more frequently at low elevation and higher pH (Kanga et al., 2012 In contrast to our hypothesis that EPN abundance was greatest on the central ridge, the average numbers of EPNs did not differ between the regions. Rather, there was a trend toward greater EPN population density in flatwoods orchards (Fig. 1B) . Therefore, if EPNs kill D. abbreviatus larvae at higher rates on the central ridge, it is likely not because larger EPN populations inhabit this region, but rather because regional EPN predation rates are modulated by other mechanisms. The positive relationship between GWD and the species composition and diversity of EPN communities suggests potential alternative mechanisms. Soils that tended to be wetter by virtue of shallow water tables, especially in sites near the coast, were dominated by H. indica, with very limited presence of other species. Dominance of coastal regions by H. indica has been reported in other Caribbean locales (Fischer-Le Saux et al., 1998; Mauléon et al., 2006) . Steinernematids did not comprise significant proportions of the EPN communities until GWD exceeded 40 cm. Moreover, S. diaprepesi was the dominant species in soils with the deepest GWD (>80 cm) and 90% of those 19 sites were on the central ridge. All of the four most frequently encountered species in this survey have been repeatedly evaluated for efficacy against D. abbreviatus on citrus seedlings in pots El-Borai et al., 2012) . In studies lasting between 8 and 13 months, S. diaprepesi and Steinernema sp. glaseri-group Table 5 Frequency of sites (expressed as a percentage) and quantification of Acrobeloides-group nematode, citrus pathogen or bacteria in the two region of the citrus production in Florida. For the frequency of sites, CrossTab analysis is shown for each organism between regions (df ¼ 1) and for each region among organism (Paenibacillus spp. and citrus root pathogen, df ¼ 1). For the quantification, results of the T-test analysis of the transformed data (df ¼ 51e49) for assessing differences between regions and for the same region between fungi and bacteria (P 0.05; n.s., not significant). persisted longer and reduced herbivory better than did H. indica or H. zealandica. Consequently, the deeper, drier soils typically found on the central ridge tended to support EPN communities with greater abundance of those species reported to be most effective in controlling D. abbreviatus. There is also evidence that in the absence of intraguild predation, which does not occur among EPNs, greater parasite species richness and diversity, as found on the central ridge, can enhance biological control (Snyder et al., 2006) . Jabbour et al. (2011) recently reported a strong positive association between the number of EPN species and parasitism rates on the Colorado potato beetle Leptinotarsa decemlineata and the wax moth G. mellonella.
The edaphic conditions at a site also modulate EPN efficacy, regardless of the relative abilities of these EPN species to parasitize D. abbreviatus. Campos-Herrera and Gutiérrez (2009) reported that the efficacy (LC 90 ) of S. feltiae against Spodoptera littoralis varied by up to 20-fold, depending on the type of soil. Factors such as soil bulk density and texture that affect the porosity, hydrology and chemistry of soils have major effects on the behavior of EPNs (Portillo-Aguilar et al., 1999; Gruner et al., 2007; Campos-Herrera et al., 2008; Kaspi et al., 2010) . Although soil texture was similar in both regions of this survey, the sand fractions tended to be coarser and available water capacity lower in sites on the central ridge. Thus, despite their similar textures, controlled studies have shown that EPNs behave differently in soils from the two regions. El-Borai et al. (2012) studied the effects of D. abbreviatus on citrus seedlings in pots containing coarse sand from the central ridge compared to finer sand or sandy loam from flatwoods orchards. Damage from root herbivory was least and mitigation of the damage by EPNs was greatest in the central ridge soil. When coarse sand from the central ridge was used to fill planting holes of citrus trees in an orchard on a loamy sand soil, trees grew larger than those planted in native soil and weevils were killed at higher rates by EPNs in the sand than the native soil, although differences in EPN numbers between soils were not apparent (Duncan et al., 2013) . Thus, there is evidence that fewer EPNs in the coarse sandy soils of the central ridge can kill D. abbreviatus at higher rates than would more EPNs in finer textured soils elsewhere.
Conclusions
This survey demonstrated that EPN communities in flatwoods regions that typically support abundant D. abbreviatus populations are heavily dominated by H. indica, a comparatively ineffective pathogen of the weevil in controlled studies. The most effective species in those studies, S. diaprepesi, dominated EPN communities on the central ridge, the region in which D. abbreviatus is typically least abundant. Because GWD was the physical feature that best defined the two eco-regions and the spatial patterns of the EPN communities, controlled studies of the effects of variables that modulate soil water potential on the population biology of Florida's native EPNs may provide insights into how soils can be modified to increase biological control by favoring and conserving certain EPN species.
Supplementary data related to this article can be found at http:// dx.doi.org/10.1016/j.soilbio.2013.07.011. . GWD categories given in parentheses and H 0 given above standard error bars. Arrows depict direction of greater GWD. Pie charts show relative population size of the four dominant EPN species in the survey, S. diaprepepsi (Sd), Steinernema sp. glaseri-group (Sx), H. indica (Hi) and H. zealandica (Hz). Note linear relationships (n ¼ 53) between GWD and species richness (r ¼ 0.39, P ¼ 0.004), H 0 (r ¼ 0.56, P < 0.001), and PC1 on horizontal axis (r ¼ 0.72, P < 0.001). As GWD increased in these orchards, the EPN community became more complex, dominated less by H. indica and more by S. diaprepesi.
